Abstract: As the heights of high-rise buildings increase, their building area and elevation area also increase, consequently increasing their yearly energy consumption. Energy efficiency has become an even more important issue, especially when glass is used for a building's exterior. In this study, the life-cycle cost (LCC) of the exterior glass of high-rise buildings was analyzed from the perspective of energy efficiency and CO 2 emissions. First, the LCC was analyzed according to changes in the selected types of glass. Reflective + Low-E (Type 1), double Low-E + Argon (Type 2), and triple Low-E + Argon (Type 3), which satisfy green building certification criteria and were used in the past for high-rise buildings in Korea, were selected as the exterior glass types. These types of exterior glass were applied to a case building and compared with the Low-E glass that was the existing glass type of a case building. The economic benefit of selected glasses for 40 years was greater in the order of Type 1, Type 3, and Type 2 compared to the existing glass. Second, these types of glass were applied to each orientation of the building. By changing the glass according to building orientation it is shown that in the east, west, and north, Type 1 was most economical, whereas Type 3 was most economical in the south. The results of this study will contribute to the improvement of energy efficiency, CO 2 emissions reduction, and cost efficiency of future high-rise buildings.
Introduction
A total of 53 of the tallest buildings in Korea were built before 1999. However, the number of high-rise buildings has increased to 188 buildings from 2000 to the present (Council on Tall Buildings and Urban Habitat 2009). In the past, there were no buildings over 100 stories high in Korea. Now, there are nine high-rise buildings over 100 stories high being planned or designed in Korea. As the heights of high-rise buildings increase, their building area and elevation area also increase, consequently increasing their average energy consumption per year. Also, with the increase in their consumption of glass as cladding materials, their life-cycle cost (LCC) with respect to their energy consumption and CO 2 emissions has become a more important concern. Considering that the energy consumption and greenhouse gas (GHG) emissions of buildings in Korea account for over 22.2 and 25% of those throughout the country, respectively, and that heat loss through building windows is up to 40% (Jang et al. 2007 ; Ministry of Land Transport and Maritime Affairs 2009), the energy efficiency and CO 2 emissions of high-rise buildings become even more critical issues.
Although previous studies analyzed the energy efficiency and the LCC of the glass used in high-rise buildings, there is a relative lack of research on the LCC of high-rise buildings in CO 2 emissions and in the reduction of their CO 2 emissions according to the glass type applied to different building orientations (Bojic and Yik 2007; Cheung et al. 2005; Kim et al. 2006 ) Therefore, this study aims to select the exterior glass that is suitable for high-rise buildings in energy efficiency, CO 2 emissions reduction, and LCC.
First, the differences between previous studies and this study were introduced by surveying the research trends on the energy efficiency and CO 2 emissions of the types of glass used in high-rise buildings. Second, an actual building to be analyzed in a case study was introduced, and its CO 2 emissions and LCC analysis criteria by energy source were explained. Third, after the exterior glass that was used in high-rise buildings in Korea in the past and the types of glass that meet green building certification criteria (Ministry of Land Transport and Maritime Affairs 2009) were selected as those to be analyzed, their energy efficiencies, CO 2 emissions, and LCC were analyzed by applying them to an actual building. Finally, the selected types of glass were applied differently to each orientation of the actual building, and their energy efficiency, CO 2 emissions, and LCC were analyzed.
Literature Review
Most of the previous studies focused on energy efficiency and lacked an LCC analysis and an economic benefit analysis on the basis of CO 2 emissions reduction. the exterior glass used in high-rise buildings on the basis of different glass types and building orientations.
From previous studies on the exterior glass of buildings, Bojic and Yik (2007) analyzed the cooling load reduction and the economics when the single Low-E, single Low-E reversible, double clear glazing, and double Low-E glazing glass types were used. Although these types of glass all reduced the cooling load, the economic effect, when a high-priced glass type was used, was shown only in the single-pane Low-E glazing glass. Bouden (2007) analyzed the energy efficiency of different glass types under Tunisian weather. Double Low-E (one clear and one Low-E) + argon was most efficient in winter, whereas double glazing (one clear and one reflecting) was most efficient in summer. The energy efficiency was approximately the same throughout the seasons when reflecting glazing glass was used. Cetiner and Özkan (2005) compared the energy and cost efficiency when the double-skin glass façade and the single-skin glass façade were used in a region of moderate climate, such as Istanbul. Whereas the double-skin glass façade was about 22.84% more energy-efficient than the single-skin glass façade, it was about 24.68% less costefficient than the single-skin glass façade.
From previous studies on high-rise buildings, Cheung et al. (2005) proposed the following six strategies for high-rise residential buildings in Hong Kong, which is characterized by a hot and humid climate: (1) insulation and mass, (2) external wall color, (3) glazing, (4) window area, (5) overhangs, and (6) a wing wall. High-rise residential buildings in a hot and humid climate were analyzed to reduce their energy consumption more significantly. It was found that their external wall structures reduce their yearly cooling load by 31.4% and their peak cooling load by 36.8%, greater than what their window structures provide. Utama and Gheewala (2009) analyzed the energy consumption of the double walls and single walls of high-rise residential buildings in Indonesia. The initial energy consumption as a result of the production and transportation of double walls was 79.5 GJ, higher than that of single walls at 76.3 GJ. After 40 years, however, the energy consumption of double walls was found to be 283 GJ, lower than that of single walls at 460 GJ because of the difference in their energy efficiencies. Kahhat et al. (2009) conducted a life-cycle assessment analysis of the air pollution index, energy consumption, global warming potential, resource use, solid waste emissions, and water pollution index of single-story residential buildings according to the their types of external walls. After 50 years, the energy consumption of insulated concrete exterior walls decreased more significantly than that of traditional wood on the center wall system by 700 GJ (5%). Kneifel (2010) measured the energy, cost efficiency, and CO 2 emissions, of new commercial buildings by using the integrated design approach. The results showed that the average energy consumption decreased by about 20-30%, and in some cases, by more than 40%, depending on the region and the building type. The average CO 2 emissions also decreased by 16%. These two studies, however, did not consider the economic effect on the basis of CO 2 emissions reduction.
Analysis Method

Overview of the Case Study
In this study, an actual building located in Seoul, Korea, was selected for the case study, and the Low-E glass that was applied in the actual building and the exterior glasses that were selected in this study were compared in energy efficiency, CO 2 emissions reduction, and LCC. For the energy simulation, eQUEST (Quick Energy Simulation Tool) 3-36 was used by analyzing the climatic data from Seoul, Korea, from January to December 2009. The energy simulation tool can analyze the environmental performance of buildings and building systems, including envelop, fenestration, and lighting (J. Hirsch and Associates 2010). The actual building was constructed within the last three years and used the most recent glass type. Table 1 shows an overview of the actual building in the case study, whereas Fig. 1 shows its floor plan.
The building chosen for this study was completed in March 2009. Its total elevation area is 48;256:36 m 2 , and its total glass area is 40;101:69 m 2 , which is about 83% of its total elevation area. The glass currently used in the building is 24-mm (glass configuration: 6 mm of clear glass plus 12 mm of air space plus 6 mm of Low-E glass) Low-E glass with the following characteristics: A U-value of 1:75 W∕m 2 K, a solar heat gain coefficient (SHGC) of 0.61, and a visible transmittance (VT) of 69%. The U-value, SHGC, and VT represent the insulation performance, the solar radiation load, and the visible light that passes through the glass, respectively.
Because the building is a residential complex that consists of the 50-story Unit A and the 40-story Unit B, the units have similar internal floor plans. The top floor of each unit has three penthouses, and only the first to fourth floors have neighborhood facilities. Although only Unit A satisfies the high-rise building criteria in this study for a building that is over 50 stories high, the energy efficiency of Unit B was also analyzed according to its orientation because Unit B has a tower-type structure, as shown in Fig. 1 . The energy simulation considered the residential facilities of Unit A's fifth to 50th floors and of Unit B's fifth to 40th floors, excluding a community life facility on the first to fourth floors and excluding the penthouses.
CO 2 Emission and Price of the Certified Emission Reduction
The CO 2 emissions were analyzed using the ton-of-oil equivalent (TOE) provided by the Korea Energy Management Corporation (2010b). Set by the International Energy Agency (IEA), TOE is a unit of energy, 10 7 kcal, which is the amount of energy released by burning one ton of crude oil. Because the Intergovernmental Panel on Climate Change (IPCC) suggests the use of the net heating value to calculate the CO 2 emissions, it was used in this study (Korea Energy Management Cooperation 2010b) . The net heating values of liquefied natural gas (LNG) and electric power were 9,550 kcal and 2,150 kcal, respectively; when applied to Eq. (1), the TOEs of LNG and electric power were 0.000955 and 0.000215, respectively. TOE ¼ Net Heating Vale ðkcalÞ∕10 7 ðkcalÞ ð 1Þ As shown in Eq. (2), the CO 2 emissions were calculated using the carbon emission index of the IPCC and the TOE that was calculated using Eq. (1). The IPCC carbon emission index of LNG was 0.637 (TC/TOE). Because the IPCC does not provide the carbon emission index of electric power, 0.564 (TC/TOE), the value that Korea Energy Management Cooperation (2010a) proposed, was used. As of this result of this calculation, the CO 2 emissions of LNG were found to be 0.002231 [Total CO 2 ðTCO 2 Þ per m 3 ] and that of electric power, 0.000445 (tCO 2 ∕kWh): The government's criteria for the profit from the sale of carbon credits based on the GHG emissions reduction are determined by the fluctuation price of the European Union emission allowance (EUA). The Korean government issued Korea Certified Emission Reduction (KCER) certificates to GHG emission project providers based on the GHG reduction they achieved in 2007. In this study, US$4:62∕tCO 2 , the profit from the sale of carbon credits in 2009, was used. The electricity usage fee for multifamily housing in 2009 was $0:46∕kWh when the energy consumption exceeded 500 kWh (Korea Electric Power Corporation 2010). Because the electricity fee in the case building exceeds 500 kWh monthly, the aforementioned values were used in this study. The gas fees that were used in this study were $0: 
Life Cycle Cost Analysis
In this study, the cost items for the LCC analysis included the purchase and installation costs among the initial investment costs and the energy usage cost and the profit from the sale of carbon credits based on the GHG emissions reduction among the operating and maintenance costs. The initial investment costs, which indicate the unit price of glass, included the glass purchase cost, labor cost, and transportation fees. The operating and maintenance costs were categorized into repair and replacement costs, energy consumption costs, and profit from the sale of carbon credits based on the GHG emission reduction. Among these costs, the factors that caused the cost difference depending on the type of glass were the glass purchase cost, the energy consumption cost, and the profit from the sale of carbon credits based on the GHG emissions reduction.
Selection of the Exterior Glass for High-rise Buildings and LCC Analysis by Glass Type
Selection of the Exterior Glass for High-rise Buildings
In this study, a high-rise building was defined as a building with 50 stories or more or a building that is at least 200 m high, which is based on Seoul's high-rise building criteria (Construction Committee of the Seoul Metropolitan Council 2008). Only the U-value, SHGC, and VT of the glass were considered, because they affect the building's energy consumption the most. The color of the exterior glass was excluded from this study because it is highly affected by the preference of the client/owner or by current trends. To analyze the energy consumption, CO 2 emissions, and LCC of a building, the types of glass that were used in high-rise buildings in Korea in the past and that satisfy green building certification criteria (Ministry of Land Transport and Maritime Affairs 2009) were selected. The selection method that was used is described in the following paragraphs.
First, because there are few buildings among existing high-rise buildings in Korea that meet Seoul's high-rise building criteria for buildings with over 50 stories (Construction Committee of the Seoul Metropolitan Council 2008), the types of glass that are used in buildings that are over 40 stories high and that were completed within the last three years were surveyed. This was done to reflect the most up-to-date exterior glass technologies, which change rapidly. The surveyed glass types were used by the two largest building glass suppliers in Korea. The 24-mm-thick, double glazing windows were most frequently used. The Low-E glass was most frequently used, whereas the reflective + Low-E glass and reflective glass were each used once. Because the properties of the most widely used Low-E glass are similar to those of the Low-E glass that was used in the case building in Table 1 , this Low-E glass was excluded from the analysis, and only the reflective + Low-E (Type 1) glass was selected for the analysis. As for the reflective glass, its U-value is approximately 1:0 W∕m 2 K greater than that of the Low-E glass. Because the reflective glass was lacking in terms of its U-value, it was also excluded from the analysis. Because a new coating technology that mixes the reflective and Low-E functions has been developed and is being used in place of double coating for the reflective + Low-E glass, the reflective + Low-E glass was included in the analysis. Second, the glass that meets Korea's environmentally friendly glass property criteria was selected for the analysis. Because the Korean government is seeking a U-value of 1:5 W∕m 2 K by 2012 (Ministry of Land Transport and Maritime Affairs 2009), the double Low-E + argon (Type 2) and triple Low-E + argon (Type 3), which meet this criterion, were also selected.
Finally, the thickness of the glass was fixed to analyze energy efficiency by the type of glass. The 24-mm-thick glass was the most widely used. Thus, on the basis of this thickness, the energy efficiency was analyzed by changing the type of glass. The tripleglazing window was excluded from the analysis because it costs more than the other types of glass, and the structural cost increases as a result the increase in the building weight. Table 2 shows the three types of glass that were finally selected on the basis of the three aforementioned criteria. The properties of the glass are shown on the basis of the winter criteria of the National Fenestration Rating Council (NFRC) of the United States. The design price was used as the unit price, whereas the total glass area of the case building is 40;101:69 m 2 (see Table 1 ). Table 2 also shows the total initial investment costs by type of glass.
Energy Efficiency, CO 2 Emission, and LCC Analyses by Glass Type By applying the three types of glass selected in Table 2 to the case building, the energy efficiency and CO 2 emissions were analyzed.
Tables 3 show the results of the comparative analysis of the existing glass and the types of glass selected in this study. The electricity usage of Type 1 was 3,593,100 kWh lower than that of the existing glass, whereas its gas usage was 178,773 kWh higher. Accordingly, the amount of CO 2 emissions decreased by 1,566.26 tCO 2 , and the profit from the sale of carbon credits as a result of this reduction increased by $7,240.90. The electricity and gas usage of Type 2 and Type 3 both decreased. The electricity and gas usage of Type 2 decreased by 2,260,000 and 817,665 kWh, respectively. The amount of CO 2 emissions was reduced by 1,155.10 TCO 2 , whereas the profit from the sale of carbon credits increased by $5,340.10. The electricity and gas usage of Type 3 decreased by 3,341,000 and 756,121 kWh, respectively. The CO 2 emissions were reduced by 1,624.90 tCO 2 , whereas the profit from the sale of carbon credits increased by $7,511.95. The electricity usage, gas usage, and CO 2 emissions were reduced most from Type 1, Type 2, and Type 3, respectively, compared with those of the existing glass.
On the basis of the energy consumption and the CO 2 emissions analyzed as shown in Table 4 , the break-even point and the LCC of each type of glass were examined, as shown in Fig. 2 . The breakeven point of the Type 1 glass was one year, at which point the economic profit was $330,897. The LCC after 10 years, which is the usual quality assurance term of U.S. glass suppliers (New Technology Demonstration Program 1998), was $34,520,935. This translated into an economic profit of $17,903,903. The LCC after Energy Efficiency, CO 2 Emissions, and LCC Analyses by Building Orientation
As discussed in the "Literature Review" section, several studies analyzed the energy efficiency of glass according to the building orientation (Bouden 2007; Jonsson and Roos 2010; Nielsen et al. 2000; Singh and Garg 2009) . Few studies, however, linked the energy efficiency of glass to its LCC according to the CO 2 emission reduction levels. Therefore, in this study, the energy consumption, CO 2 emissions, and LCC analysis results were compared with those when one of the Type 1, Type 2, and Type 3 glasses were installed on one side of the case building, with the other three sides of the building continuing to use the existing Low-E glass. Fig. 1 shows the floor plan of the building chosen for this study and the Type 1 glass that was installed on the south orientation of the building. Table 5 shows the area by building orientation and the construction cost by glass type. The construction cost by glass type was calculated by multiplying the unit cost by glass type in Table 2 by the area and by the building orientation in Table 5 . The glass areas on the east and west sides were both 8;662:11 m 2 , whereas that on the south side was smallest at 8;312:02 m 2 , and that on the north side was the largest, at 9;253:59 m 2 . Table 6 shows the energy efficiency by building orientation and glass type. The electricity usage of Type 1 glass was smallest at each orientation, followed by the Type 3 and Type 2 glasses. Particularly, the electricity usage of the Type 1 glass in the south orientation was the smallest, at 7,180,000 kWh. The gas usage of the Type 2 glass in the east and south orientations was the smallest, at 6,151,539 kWh and 6,057,757 kWh, respectively, whereas that of the Type 3 glass in the west and north orientations was smallest, at 5,539,023 kWh and 5,618,152 kWh, respectively. Fig. 3 shows the total energy consumption, including electricity and gas, in Table 6 . The total energy consumption on the basis of the existing glass was 14,380,173 kWh. When the glass type was changed by building orientation, the energy consumption became smaller. When the type of glass installed in the west orientation was changed, the energy efficiency reached the maximum, followed by the glass installed in the north, south, and east orientations, in that order. In terms of the glass types, triple Low-E + argon (Type 3) showed the highest energy efficiency in all building directions, followed by reflective + Low-E (Type 1). Double Low-E + argon (Type 2) was shown to be the least energy efficient. Table 7 shows the CO 2 emissions and the profits from the sale of carbon credits compared to those of the existing glass, when each type of glass was installed differently according to the building orientation. When each type of glass was installed in the east, west, south, and north orientations, the amount of CO 2 emissions were lower than that of the existing glass in all the cases. The reduction of the CO 2 emissions in the east and south orientations was largest when Type 1 (reflective + Low-E) glass was used, whereas the west and north orientations were largest when Type 3 (triple Low-E + argon) was used. Accordingly, the profits from the sale of carbon credits was also the largest. The amount of CO 2 emissions when the Type 1 glass was used in the east orientation was 436.10 TCO 2 equivalent∕kWh for electricity and À83:00 TCO 2 equivalent∕m 3 for gas, and the profits from the sale of carbon credits increased by $1,632.39. The CO 2 emissions when the Type 1 glass was used in the south orientation was 516.20 TCO 2 equivalent∕kWh for electricity and 61.58 TCO 2 equivalent∕m 3 for gas, whereas the profits from the sale of carbon credits increased by $2,101.72. The CO 2 emissions when the Type 3 glass was used in the west orientation was 298.15 TCO 2 equivlent∕kWh for electricity and 91.57 TCO 2 equivalent∕m 3 for gas, whereas the profit from the sale of carbon credits increased by $1,801.69. The CO 2 emissions when the Type 3 glass was used in the north orientation was 302.60 TCO∕kWh for electricity and 77.11 TCO 2 ∕m 3 for gas, whereas the profits from the sale of carbon credits increased by $1,755.43.
LCC Analysis by Building Orientation
Because the unit price of the glass selected in this study differs by type, the energy efficiency and the LCC may not correspond. In this section, the break-even point and the LCC were analyzed and compared with those of the existing glass when each type of glass was applied differently to each building orientation (see Table 8 ). It was found that at each orientation, the Type 1 (reflective + Low-E) glass was most economical, followed by the Type 3 (triple Low-E + argon) and Type 2 (double Low-E + argon) glasses, in that order.
When different types of glass were used in the east orientation, Type 1, Type 2, and Type 3 were found to pass the break-even point in one year. Compared to the existing glass, Type 1 was the most economical in 10 and 40 years because it resulted in economic profits of $4,687,668 and $33,020,598, respectively. When different types of glass were used in the west orientation, Type 1 and Type 2 were found to have passed pass the break-even point in one year, and Type 3 in two years. The economic profits from Type 1 in 10 and 40 years were $3,762,425 and $25,811,876, respectively. When different types of glass were used in the south orientation, all the glass types were found to have passed the break-even point in one year. The economic profits from Type 1 in 10 and 40 years were $5,902,389 and $40,678,042, respectively. When different types of glass were used in the north orientation, Type 1 and Type 2 were found to pass the break-even point in one year, and Type 3 in two years. The economic profits from Type 1 in 10 and 40 years were $3,807,742 and $26,380,147, respectively. It was analyzed that Type 1 was the most economical because its SHGC was superior to that of the other glass types. This translated to greater electric cooling cost efficiency.
Conclusion
As a result of the increased use of exterior glass alongside the increase in the number of high-rise buildings, there is growing interest in the energy efficiency, CO 2 emissions, and economic aspects of the LCC. Few studies, however, have analyzed the CO 2 emissions and the economic feasibility on the basis the CO 2 emissions reduction when different types of glass were used for different orientations of high-rise buildings (Bojic and Yik 2007; Cheung et al. 2005; Kim et al. 2006) . In this study, the types of glass installed in existing high-rise buildings in Korea and the types of glass that meet green building certification criteria were selected. The energy efficiency, CO 2 emissions, and LCC if these types of glass were to be used were analyzed, and the results were compared to those for the existing glass. The results can contribute in the selection of economically efficient glass in terms of energy efficiency and CO 2 emissions according to the types of glass and building orientations. The main results of this study can be summarized into two major points.
First, three types of glass were selected: Reflective + Low-E (Type 1), which has been used in existing high-rise buildings in Korea; double Low-E + argon (Type 2); and triple Low-E + argon (Type 3), which meet green building certification criteria. The energy efficiency, CO 2 emissions, and LCC were then analyzed by applying these types of glass to an actual building that was selected for a case study. The results were compared with those of Low-E glass, which is currently installed in the case building. The results showed that the energy consumption and the CO 2 emissions of all three types of glass became lower than those of the existing glass. The energy consumption and CO 2 emissions of Type 3 were smallest, followed by Type 1 and Type 2, in that order. The results also showed that the life-cycle cost of Type 1 was smallest, followed by Type 3 and Type 2.
Second, the energy efficiency, CO 2 emissions, and LCC of highrise buildings when the types of glass selected in this study were used in each orientation of the building were analyzed. The energy efficiency was highest when the glass installed in the west orientation was changed to the types of glass selected in this study, followed by the glass installed in the north, south, and east orientations, in that order. The CO 2 emissions were reduced the most when the glass in the east and south orientations was changed to Type 1. In the west and north orientations, the CO 2 emissions were reduced most when Type 3 glass was used. The results of the LCC analysis when the types of glass were changed by building orientation showed that in all the orientations, Type 1 was the most economical for building orientations in the east, west and north. Type 3 was most economical in the south.
In this study, the energy efficiency, CO 2 emissions, and LCC were analyzed to select the type of exterior glass that is appropriate for high-rise buildings in which both the building area and the elevation area increase. The exterior glass appropriate for different orientations of a high-rise building was also analyzed. The results of this study are expected to contribute to the selection of the appropriate type of exterior glass in the nine buildings (over 100 stories high) that are planned to be constructed in Korea. Data used this study were limited, however, because the Korean government started to purchase GHG reductions only from 2007 on. Also, the economic analysis in this study did not reflect economic advantages such as tax benefits or the floor area ratio when the green building certification criteria are met. Reflecting such factors in future studies is expected to result in a more accurate LCC analysis, which should in turn allow the selection of a more efficient type of exterior glass for high-rise buildings in terms of energy and LCC.
